Introduction
Records of climate change during the Late Pleistocene and Holocene are relevant to understanding natural climate variability, improving our ability to predict the anthropogenic influence that is superimposed on natural conditions. Particularly important is variability in precipitation and temperature, given recent drought conditions (Quiring and Goodrich, 2008) , predictions of dust bowl conditions in the near future (Seager et al., 2007) and the need to better assess the links to external forcing from the Atlantic and tropical Pacific (Cole et al., 2002; Seager et al., 2008) . Records spanning the Late Pleistocene and Holocene across the Southwest have revealed changes in climate such as periods of increased effective precipitation, extreme drought and/or warmer or cooler temperatures than presently occur (Benson et al., 1990; Spaulding, 1991; Menounos and Reasoner, 1997; Allen and Anderson, 2000; Holliday, 2000; Reasoner and Jodry, 2000; Forman et al., 2001; Huckleberry et al., 2001; Menking and Anderson, 2003; Polyak et al., 2004; Poore et al., 2005; Holmgren et al., 2006; MacDonald et al., 2008; Wurster et al., 2008) . These climate changes have not been consistent in timing and/or intensity across different sites. In addition, few continuous records of climate change span the important postglacial transition from the Late Pleistocene into the Holocene in New Mexico (Allen and Anderson, 2000; Armour et al., 2002; Asmerom et al., 2007; Anderson et al., 2008; Jiménez-Moreno et al., 2008) . In this paper, we present a climate record that expands on previous work by Anderson et al. (2008) and provides new insights into periods of climate change during the Late Pleistocene and Holocene in northern New Mexico. We extend the published records of C/N, d 13 C and d 15 N values to ca. 15 500 cal. YBP and increase the resolution during the Younger Dryas period (ca. 12 700-11 500 cal. YBP). In addition, we report organic carbon concentrations and Pb concentrations (extractable form), the latter providing a reliable proxy for local climate changes that affect weathering and transport of volcanic rocks in this region. We also present C/N, d 13 C and d 15 N values in contemporary plant material to better interpret the values observed in the sedimentary record. The new data presented here allowed us to identify periods of climate change in northern New Mexico, including: (1) a multicentennial period of increased effective precipitation during the Late Pleistocene (beginning ca. 14 420 cal. YBP); (2) decreased terrestrial productivity and enhanced aquatic productivity during the Younger Dryas period; and (3) enhanced erosion and aeolian transport during the early to middle Holocene (ca. 8000-6000 cal. YBP), confirming a millennial-scale period of extreme dry climate.
Study site and methods
Chihuahueñ os Bog (basin area < 2 km 2 ) is located in northern New Mexico (368 02 0 50 00 N, 1068 30 0 30 00 W) at an elevation of 2925 m. A climate-induced succession of environments occurred at this site over the last ca. 15 500 cal. YBP. These are described in Anderson et al. (2008) as pollen zones I-IV (see Fig. 4 ), corresponding (from Late Pleistocene to present) to shallow lake then wetland phases, followed by a dry period, and finally succeeded by a wetland to bog environment.
A 465 cm long core was retrieved from the centre of the basin (area < 2 km 2 ) as described by Anderson et al. (2008) . The upper $171 cm of the core alternates between sedge peat and peaty clay; sediments between 171 and 235 cm are similar but mottled. Below 235 to 300 cm, sediments have increasing clay content, and from $300 to 406 cm sediment is clayey silts with fine sands. Coarser sands and gravels are found below 422 cm . Details on core sampling and analyses of pollen, charcoal, plant macrofossils, magnetic susceptibility and previous C/N, d 13 C and d 15 N analyses can be found in Anderson et al. (2008) and Allen et al. (2008) .
The chronology of the core was based on 137 Cs and 210 Pb ages for the upper 21 cm of the core and seven 14 C dates downcore (Table 1; Anderson et al., 2008) . Maximum 137 Cs deposition (i.e. AD 1963 (i.e. AD -1964 occurred at 6 cm depth. Downcore to $21 cm we used the 210 Pb age relationship (0.146 cm a À1 ). All seven 14 C ages (except for Beta-176475), occurred in stratigraphic order (Table 1 and Fig. 1 ). Therefore, our chronology for most of the core consists of linear interpolation between adjacent radiocarbon dates (except Beta-176475, which was not used), using the median value of the calibrated age of the date, with extrapolation in the core deposited prior to ca. 13 800 cal. YBP.
Modern plants were collected from the surface and immediate surroundings of the bog. We collected the most representative species in and near the basin to provide a range of elemental and isotopic values with which to compare values in the sedimentary record. Values in the sedimentary record outside the range of values in modern plants helped us identify periods when different species dominated and/or other climate regimes prevailed.
Following identification to species, plant and sediment samples (at 5-10 cm depth intervals) were oven dried (608C), milled and homogenised. C/N, d 13 C and d 15 N analyses were performed on 2-3 mg of plant material and 4-52 mg of sediment (depending on organic carbon content) using an elemental analyser interfaced to a continuous-flow isotope ratio mass spectrometer. No pretreatment of the sediment samples to remove the carbonate fraction was performed as prior X-ray diffraction analysis indicated the samples were carbonate free. d 13 C and d 15 N values are expressed as the deviation per mil (%) of the heavy to light isotope ratio of the sample with respect to that of the standard Pee Dee Belemnite (PDP) and atmospheric air, for carbon and nitrogen respectively. Precision of the measurements was better than 0.5%, 0.1% and 0.4% for C/N values, d 13 C and d 15 N, respectively. Extractable Pb was quantified in sediment samples at the same depth intervals used for C and N analyses. We used partial dissolution according to USEPA method 3051A. Briefly, ovendried (1058C) and homogenised sediments (0.1-0.2 g) were microwave digested at 1758C for 10 min with 10 mL of concentrated HNO 3 . Pb extracts were diluted and analysed for total Pb concentration using inductively coupled plasma mass spectrometry. Precision of the measurement was AE1 p.p.b. based on repeated analyses of SRM 1640.
Statistical analyses were performed using the statistical software Minitab. The tests used included Pearson correlations and one-way analysis of variance using Tukey's method.
Our interpretations of d 13 C, d 15 N, C/N, organic carbon and Pb profiles in the sedimentary record were guided by the following criteria:
1. An increase in d 13 C values can be driven by either enhanced aquatic productivity (Hodell and Schelske, 1998; Brenner et al., 1999; Meyers, 2003) or greater inputs from C4 plants and/or plants with higher water use efficiency. 2. High d 15 N values can result from increased aquatic relative to terrestrial inputs and/or enhanced aquatic productivity (Wada and Hattori, 1976; Boyle, 1993; Hodell and Schelske, 1998; Brenner et al., 1999) in the absence of cyanobacteria. 3. Increasing C/N values suggest a relative increase of terrestrial inputs over aquatic (e.g. wetland plants, algae) (Meyers, 2003) , though algae species such as Pediastrum and Botryococcus can also contribute to high C/N values due to their high carbon content (Banerjee et al., 2002; Metzger and Largeau, 2005) . 4. Organic carbon content is proportional to the extent of terrestrial and/or aquatic productivity given a constant rate of inorganic inputs. 5. Increases in Pb concentration result from both aeolian and fluvial deposition occurring during very dry or very wet conditions, respectively.
Results and discussion
The suite of modern plants collected comprised 31 species (Table 2) , including 14 from wetland habitat, 10 from dry habitat and seven from mixed habitat (plants that grow in both environments). Wetland species differed significantly (P < 0.05) from dryland species in the former having higher d 15 N values and lower C/N values, while there was no difference among plants from the three habitats with respect to their d 13 C values (Fig. 2) . The range of d 13 C, d 15 N and C/N values in the sedimentary record for the most part fell within the range measured for modern plants (Fig. 3) . The rather stable pattern in these proxies over the last ca. 4000 cal. YBP relative to the rest of the record, particularly in d 13 C values, is consistent with the period of establishment of the modern plant species assemblage, as observed in the pollen record ( Fig. 4 ; Anderson et al., 2008) . Throughout the core, the patterns in d 13 C, d 15 N and C/N values reflect the succession of habitats that occurred at the site, from a shallow lake to a wetland to a bog (pollen zones I, II and IV). Values outside the range of modern plant values were observed in the sedimentary record for d 13 C ca. 14 000 cal. YBP and during the Younger Dryas period, and for d 15 N and C/N ca. 8000-6000 cal. YBP. During the Late Pleistocene and Holocene, Pb inputs to the Chihuahueñ os basin were likely dominated by natural sources given its remote location and the abundance of Pb-bearing volcanic rocks in the region. Pb concentrations in the Chihuahueñ os bog core are typical of igneous rocks in general (2-30 p.p.m.; Adriano, 2001) , although Pb concentrations in the nearby Bandelier tuff can range from 50 to 85 p.p.m. (Self et al., 1996) . One instance of relatively high Pb concentrations in the Chihuahueñ os record occurred ca. 14 420 cal. YBP ( Fig. 3) . At that time, Pb concentration increased from 14 to 24 p.p.m. over a 300 a period, lasted another 200-400 a and was accompanied by an equally short-lived and significant increase in d 13 C values (from À25% to À19%, Fig. 3 ). Synchronous with these changes in the Chihuahueñ os record was a significant increase in effective precipitation and consequent runoff in the nearby area of White Rock Canyon to the east (which hosts the Rio Grande) ca. 14 410 cal. YBP (12 400 14 C a BP) (Dethier and Reneau, 1996) . Consistent with this evidence of relatively wetter climate, several pluvial lakes in the Southwest experienced high levels around that time (Benson et al., 1990 (Benson et al., , 1997 Allen and Anderson, 2000; Bacon et al., 2006; Garcia and Stokes, 2006) . At the Chihuahueñ os Bog site, we thus interpret the abrupt increase in Pb concentration and d 13 C values as further evidence of conditions of enhanced precipitation in the region ca. 14 420 cal. YBP. The increase in Pb concentrations and d 13 C values suggests significant runoff that delivered Pb-bearing minerals from the weathering and transport of local volcanic rocks and 13 C-enriched organic material from a vegetation source to the shallow lake that existed at that time. A synchronous spike in magnetic susceptibility supports the scenario of increased delivery of clastic material.
The increased 13 C-enriched organic material in the sediment probably resulted from a plant assemblage different from that of today. At that time, pollen evidence suggests Artemisia was more prominent in the environment (Anderson et al., 2008, Fig. 4 ). The only modern Artemisia identified around the bog (A. ludoviciana, white sagebrush) has a low d 13 C of $À29% (Table 2) . However, modern Artemisia collected at lower elevations has d 13 C values around À23% (unpublished data). It cannot be determined whether these higher values are typical of a specific sagebrush species or whether they reflect increased water use efficiency under present environmental conditions. Poaceae species were also abundant in the Late Pleistocene, some of which might have been C4 species with higher d 13 C values, though wetter conditions at the time would have favoured C3 grasses. Because the Late Pleistocene plant community was very different from the modern plant suite, we cannot unequivocally interpret the d 13 C signal during this period. Alternatively, higher d 13 C values could be attributed to higher aquatic productivity, which would be supported by the high d 15 N values at that time (Fig. 3) . However, abundant algal remains started to appear only later (from ca. 14 000 cal. YBP; Anderson et al., 2008, Fig. 4 ) and organic carbon content did not increase substantially during this period of high d 13 C values, suggesting low aquatic productivity.
Conditions of enhanced precipitation at ca. 14 400 cal. YBP likely facilitated the full establishment of the shallow lake and Table 2 for a list of species). The median is indicated by line inside the boxes and outlier values by asterisks. Boxes labelled 'a' indicate a statistically significant (P < 0.05) difference. Boxes labelled 'b' indicate a statistically significant difference if outliers are removed the appearance of Pediastrum and Botryococcus as recorded in the pollen record (Anderson et al., 2008, Fig. 4 ). The stronger jet stream relative to present time that prevailed ca. 18 000-12 000 cal. YBP, combined with a strengthening of the westerlies, could have contributed to increased local winter precipitation from the Pacific Ocean (Kutzbach and Wright, 1985; COHMAP Project Members, 1988) . In fact, the existence of several pluvial lakes in the Great Basin, western USA, during the Late Pleistocene (before the jet stream retreated north) has been explained by this mechanism (Garcia and Stokes, 2006) . Superimposed on this forcing, centennial-to-millennial climatic factors may have driven the water balance of Pleistocene-Holocene pluvial lakes (Allen and Anderson, 1993) . Similarly, the Chihuahueñ os bog record provides evidence for a multi-centennial period of enhanced precipitation in northern New Mexico during the Late Pleistocene. Such conditions took place during the Bølling period, coinciding with observations of wet conditions in nearby sites (Polyak et al., 2004; Jiménez-Moreno et al., 2008) , and in contrast to arid climate during Bølling and Å llerød periods in other southwestern regions (Holmgren et al., 2006) . Wet conditions at the Chihuahueñ os bog site during these periods are also evident in the pollen and spore record (Fig. 4) . In addition, low organic carbon content during the Late Pleistocene suggests low terrestrial and aquatic productivity relative to younger time periods recorded in the core, which in turn suggests relatively cold conditions. Low terrestrial productivity may have contributed to low fire event frequencies at that time. The predominance of Artemisia during the Late Pleistocene is also indicative of relatively cold conditions. This is consistent with cold conditions known to have prevailed in the Sangre de Cristo Mountains (east of the Chihuahueñ os bog site), during this period (Armour et al., 2002; Jiménez-Moreno et al., 2008) .
Evidence of the Younger Dryas interval (ca. 12 700-11 500 cal. YBP) is equivocal in the Chihuahueñ os bog pollen record (Anderson et al., 2008, Fig. 4 ), but is observed in the d 13 C, C/N and organic carbon profiles (Fig. 3 ). Proxy evidence for the Younger Dryas period, aside from pollen records, has also been observed in records from the Sangre de Cristo Mountains (Armour et al., 2002; Jiménez-Moreno et al., 2008) and other regions (MacDonald et al., 2008) . Following our criteria for the interpretation of the proxies measured in the Chihuahueñ os record, we observe that except for the Younger Dryas interval, organic carbon content, d 13 C, d 15 N and C/N values suggest increasing terrestrial productivity at the site, starting ca. 14 000 cal. YBP through ca. 10 000 cal. YBP (Fig. 3) . Particularly high terrestrial productivity following the Younger Dryas interval is in agreement with the synchronous establishment of a mixed conifer forest at this site (Anderson et al., 2008, Fig. 4 ). These trends are interrupted during the Younger Dryas period, with d 13 C values increasing by 2%, C/N values decreasing from 15 to 12, and d 15 N values consistently greater than 0%. Aquatic productivity, on the other hand, seems to have been enhanced during the second half of the Younger Dryas, based on the increase in d 13 C values concomitant with the time of highest abundance of Botryococcus and presence of Pediastrum (Anderson et al., 2008, Fig. 4 ). In addition, d 15 N and C/N values are consistent with predominantly aquatic inputs during the second half of this interval (Fig. 3) .
Several studies have revealed relatively wetter conditions in the Southwest during the Younger Dryas period (Benson et al., 1990; Huckleberry et al., 2001; Polyak et al., 2004; Holmgren et al., 2006) , while others suggest relatively drier conditions (Benson et al., 1997; Holliday, 2000) . At the Chihuahueñ os bog site, we see evidence for wet conditions in the Late Pleistocene, through the Younger Dryas interval. First, the pollen record suggests that a shallow lake existed at the site, with algae species Pediastrum and Botryococcus being abundant before, during and after the Younger Dryas (Fig. 4) . Second, C/N and d 15 N values are consistent with an aquatic environment during these periods (Figs 2 and 3) . Third, the observed low charcoal influx rates suggest cool wet conditions . Lastly, continuation of wet climate throughout the Younger Dryas is in agreement with the observed trend in Pb concentration, which does not suggest a pronounced shift to either relatively drier or wetter conditions. The drastic reduction in organic carbon ca. 8000-6000 cal. YBP (Fig. 3) confirms the occurrence of a dry period previously inferred from the lack of pollen, increased charcoal deposition, low C/N values and high d 15 N values Anderson et al., 2008) . As indicated in Anderson et al. (2008) , this was a period of intense decomposition reflected in low C/N and high d 15 N values (Fogel and Tuross, 1999; Chen et al., 2003; Kramer et al., 2003) . This period conforms to wellrecognised drought episodes in several sites in North America ca. 9000-6000 cal. YBP (Holliday, 1989; Spaulding, 1991; Buck and Monger, 1999; Menking and Anderson, 2003; Otvos, 2005) . Prolonged drought in the southwestern USA during this interval was attributed to a dominance of La Niñ a conditions (Forman et al., 2001; Menking and Anderson, 2003) , which has also been implicated as a cause for other prolonged droughts in the Southwest and the Great Plains (Seager et al., 2005) .
We observe further evidence of intense drought ca. 8000-6000 cal. YBP at the Chihuahueñ os site from sustained high Pb concentration in the record during this period (Fig. 3) . Consistent with observations of extensive aeolian activity as early as ca. 9000 and through ca. 4500 cal. YBP in nearby regions and several other places in North America (Holliday, 1989; Dean, 1997; Forman et al., 2001) , high Pb concentrations ca. 8000-6000 cal. a BP in the bog sediments likely resulted from enhanced erosion and aeolian transport of local volcanic rocks. Later episodes of aeolian activity in the Southern High Plains (northwestern Texas, eastern New Mexico and western Oklahoma) during the middle to late Holocene (Forman et al., 2001) were not accompanied by evidence of intense drought (e.g. high Pb concentration sustained for millennia) at the Chihuahueñ os site, perhaps due to stronger El Niñ o events and associated wetter climate (Moy et al., 2002; McGregor and Gagan, 2004) .
Conclusions d 13 C, d 15 N, C/N, organic carbon and extractable Pb measurements in sediments from the Chihuahueñ os bog in northern New Mexico revealed periods of climate change in the last 15 000 cal. YBP, including the Younger Dryas cold interval. The Chihuahueñ os record provided evidence for periods of extreme climate during the Late Pleistocene and Holocene, including: (1) enhanced local precipitation ca. 14 420 cal. YBP, likely associated with the stronger jet stream that prevailed during the Late Pleistocene; and (2) enhanced erosion and aeolian transport ca. 8000-6000 cal. YBP, confirming the occurrence of a severe early to middle Holocene drought period at this site. The d 13 C, d 15 N and C/N values in the sedimentary record fall within values observed in modern vegetation collected at the site from wet, dry and mixed habitats, except during periods of climate change. The cold Younger Dryas interval was characterised by low terrestrial productivity at this site relative to preceding and succeeding periods. By contrast, aquatic productivity increased during this period, particularly during the second half of the Younger Dryas. In addition, wet conditions seem to have characterised the Late Pleistocene through the Younger Dryas interval at this site.
